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SUMMARY

JAKUBOVIC, A., AND E. G. McGEER: Narcotics and rat testicular metabolism. Mol.
Pharmacol. 18, 970-980, 1979.

The effect of various narcotic analgesics on protein and nucleic acid synthesis in rat
testicular cell suspensions and on testosterone production in rat testis was studied.
Racemic methadone (di-Me), I- and d-Me, I-a-acetyl-methadol (LAM), and dIl-Me
metabolites, 2-ethyl-5-methyl-3,3-diphenyl-1-pyrroline (EMDP) and 2-ethyl-1,5-di-
methyl-3,3-diphenyl-pyrrolinium (EDDP), at 100 and 10 uM had a dose-related, significant
effect on L-[1-"C]leucine and [2-"*Cluridine incorporation into protein and RNA, respec-
tively. LAM metabolites, methadol (MOL), acetylnormethadol (ANMOL) and normetha-
dol (NMOL), were also inhibitory. Under the same conditions, morphine (Mo), heroin
(He) and codeine (Co) had only minor effects on protein and RNA synthesis in comparison
with dl-Me. The effect of narcotic analgesics on DNA synthesis was less than on RNA.
The order of potency in inhibiting these biosynthetic process is: LAM = di-Me = [-Me
= d-Me — EMDP > EDDP > MOL = ANMOL = NMOL > He > Co > Mo. Furthermore
at 1 mM dl-Me, I-Me and LAM caused about a 50% inhibition of testosterone (T)
production and release from rat testes stimulated by hCG or dibutyryl-cAMP. In com-
parable experiments He or Mo were far less inhibitory. Further, the T production by
dibutyryl-cAMP stimulated testicular Leydig cell preparations was also reduced by dl-
Me and the IDs, was about 9 uM. The results suggest that some narcotic analgesics such
as dl-Me, LAM and their metabolites may reduce testicular T synthesis by virtue of their
direct inhibitory effects on RNA and/or protein synthesis. However, He and Mo may
decrease T levels primarily through the hypothalamic-pituitary-gonadal axis. A combi-
nation of central and peripheral action of some narcotics cannot be excluded.

INTRODUCTION

Methadone, the synthetic narcotic anal-
gesic, is widely used in “methadone main-
tenance programs” for the chronic treat-
ment of morphine (Mo)' and heroin (He)
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' The abbreviations used are: Mo, morphine; He,
heroin; di-Me, dl-methadone; LAM, I-a-acetylmetha-
dol; T, testosterone; FSH, follicle-stimulating hor-
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dependent persons. The main goal of this
treatment is to suppress drug hunger and
prevent withdrawal symptoms. According
to both clinical reports and animal experi-
ments, however, there are many side effects

mone; LH, luteinizing hormone; Co, codeine; EMDP,
2-ethyl-5-methyl-3,3-diphenyl-1-pyrroline hydrochlo-
ride; EDDP, 2-ethyl-1,5-dimethyl-3,3-diphenyl-pyrro-
linium perchlorate; MOL, (-)-a-methadol hydrochlo-
ride; NMOL, (-)-a-normethadol perchlorate; AN-
MOL, (-)-a-N-acetyl-N-normethadol; TCA, trichloro-
acetic acid; IDso, mean infective dose.
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from chronic use of any of the narcotic
analgesics, but especially of di-methadone
(dl-Me) and its long-acting congener, I-a-
acetylmethadol (LAM). The most promi-
nent side effects are decreased sexual drive
and performance (1-3), reduction of weight
and function of testis (4) and secondary sex
organs (2, 4), as well as decreased plasma
levels of FSH, LH (1, 5) and testosterone
(T) 2,5,6,7).

The mechanism(s) underlying these side
effects is not understood nor is it clear
whether they are due to Me and LAM or to
their metabolites. The occurrence of nar-
cotic-related decreases in peripheral LH
has been used as argument that alterations
in testicular function and steroidogenesis
may be due to a central action of narcotic
analgesics via the hypothalamic-pituitary-
gonadal axis (1, 5, 8, 9). A direct peripheral
action of some narcotic analgesics upon the
male gonads and related functions has,
however, not been ruled out, although mor-
phine in concentrations up to 1 mm did not
affect the T production either by nonstim-
ulated or hCG stimulated whole rat testis
in vitro (5). Testicular T production has
been shown to be dependent upon contin-
uous synthesis of new RNA and protein in
Leydig cells (10-12). In view of recent re-
ports on the inhibition of nucleic acid and
protein synthesis in testicular cells in vitro
by dl-, d- and -Me and LAM (9, 13), it
seems possible that a direct inhibitory ac-
tion of Me or LAM on testicular steroido-
genesis contributes to or perhaps accounts
for the reduction of T levels in male nar-
cotic users. There are a few other recent
reports indicating the possibility of direct
peripheral effects of some narcotic analge-
sics on the target organs (2, 4, 6).

We here report the effects of LAM, Mo,
He, codeine (Co) and some metabolites of
Me and of LAM on nucleic acid and protein
synthesis by rat testicular tissue, as well as
the in vitro effects of Me, LAM, Mo, He
and naloxone on testosterone production
by rat testis and/or testicular Leydig cell
preparations.

MATERIALS AND METHODS

Codeine phosphate, and dI/-methadone
hydrochloride were supplied by the local
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pharmacy. Samples of d- and [-methadone
were generously provided by Dr. R. J. Hos-
ley from the Lilly Research Laboratory,
Indianapolis, Indiana, U. S. A. Morphine
sulfate, heroin hydrochloride, 2-ethyl-5-
methyl-3,3-diphenyl-1-pyrroline hydro-
chloride (EMDP), 2-ethyl-1,5-dimethyl-3,3-
diphenyl-pyrrolinium perchlorate (EDDP),
LAM, (-)-a-methadol hydrochloride
(MOL), (-)-a-N-normethadol perchlorate
(NMOL) and (—)-a-N-acetyl-N-normetha-
dol (ANMOL) were supplied by the De-
partment of Health and Welfare, Food and
Drug Directorate, Ottawa, Canada. Nalox-
one was generously provided by Endo Lab-
oratory. The testosterone [°H] radioimmu-
noassay packs were purchased from Diag-
nostics Biochem. Canada, Inc., London, On-
tario. Human chorionic gonadotropin from
human pregnancy urine (hCG), collagenase
from Cl.histolyticum Type I, and dibutyryl-
cAMP were obtained from Sigma Chemical
Company, St. Louis, Mo., U. S. A.

Effect of drugs on protein and nucleic
actd synthesis. Testicular cell suspensions
were always prepared from two testes of
adult Wistar rats (250-300 g), stripped of
the tunica and chopped into 0.3 mm seg-
ments with a McIllwain tissue chopper. The
chopped tissue was suspended in 30 ml of
Krebs-Ringer phosphate buffer (pH 7.4)
with 10 mM glucose. After setting for 3 min,
the cell suspension was separated from the
sediment at the bottom by decantation. A
second suspension and decantation was car-
ried out using 15 ml of buffer. An aliquot of
the combined cell suspensions was incu-
bated for 60 min at 37° under O; in a final
volume of 3 ml buffer (14). Metabolic activ-
ities were linear with time during such in-
cubations. The drug was added in aqueous
solution. The solution containing radioac-
tive substrate was tipped into the main
vessel from the side-arm of the Warburg
flask (13).

After the incubation was terminated, the
content of each Warburg flask was centri-
fuged, the sediment washed with 3 ml cold
buffer and after centrifugation, the sedi-
ment was homogenized in 10% TCA. The
TCA soluble fraction containing low molec-
ular materials was separated from the pre-
cipitate by centrifugation. The precipitate
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was then washed two times with cold 5%
TCA and finally dissolved in Soluene 100
solubilizer (13, 14). Aliquots of the TCA
soluble fraction as well as of the Soluene
solutions were used for scintillation count-
ing of radioactivity.

When [2-*Cluridine was the substrate,
various labeled uridine metabolites in the
TCA soluble fraction were separated by
chromatography on Whatman No. 1 paper
in butanol:acetic acid:water (2:1:1 v/v/v) as
solvent (13, 14). The areas corresponding to
uridine and its metabolites were cut out
and the radioactivity in each was counted
in a liquid scintillation counter. The di- and
tri-phosphonucleotides were not separated
under this condition and thus were counted
together (13, 14).

Total protein was estimated by color-
imetry (15).

Effect on rat testicular steroidogenesis.
Each testis obtained from Wistar rats (275-
300 g) was weighed, decapsulated, washed
in 0.9% NaCl and individually incubated in
a vial containing 2.0 ml Krebs-Ringer bi-
carbonate buffer with 10 mm glucose, pH
7.4 at 37° for 30 min under 0::CO: (95%:
5%). The medium was syphoned off and the
testis transferred to a new vial containing
Krebs-Ringer phosphate buffer and addi-
tives in a final volume of 3.1 ml. The vials
were flushed with 95% 0::5% CO., capped
and agitated at 37° in a water bath for 4 h
(16). Nonstimulated incubations were in
the absence of exogenous hCG or dibutyryl-
cAMP. Control, stimulated incubations
contained either 30 mIU hCG (11.4 ng) or
1.0 mm dibutyryl-cAMP. Experimental in-
cubations were identical to control except
for the presence of the narcotic added in
the aqueous solution.

Each incubation medium containing one
testis was then centrifuged and portions of
the supernates, after dilution with 0.9%
NaCl (1:25), were used for direct estimation
of T by radioimmunoassay (16). All com-
parisons, control and experimental, were
based on testes incubated and processed
simultaneously for the T assay. Testes were
randomly assigned to control and experi-
mental groups except that the two testes
from any given rat were always in separate

groups.
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Effect on Leydig cell steroidogenesis.
Rat testicular Leydig cell preparations con-
taining about 60% Leydig cells were pre-
pared by the method of Janszen et al. (17).
Decapsulated testes from adult male Wistar
rats (250-300 g) were incubated in 7 ml
Krebs-Ringer bicarbonate buffer with 10
mM glucose and with collagenase (1 mg/ml
buffer) under 0,:CO. (95%:5%) for 25-30
min at 37° in plastic incubation vessels.
After separation of the interstitial cells
from the tubular mass by adding 15 ml 0.9%
NaCl, the cell suspension was centrifuged
through a 13% Ficol—0.4% albumin V
buffer solution and finally through a 6%
dextran in 0.9% NaCl solution (17). The
sedimented cells were resuspended in 10
ml/testis of Krebs-Ringer phosphate buffer
with 10 mm glucose, pH 7.4. Incubations of
1.9 ml of this cell suspension with 1.0 mm
dibutyryl-cAMP and with or without di-Me
were carried out in a total volume of 2.1 ml
buffer in scintillation vials under O; for 3h
at 37° in a Dubnoff metabolic shaker. All
incubations were performed in triplicate.
After incubation, aliquots of the incubation
medium were used for direct radioimmu-
noassay of testosterone (16) produced by
Leydig cells.

Statistical analyses were carried out us-
ing the Student’s ¢-test.

RESULTS

Protein and nucleic acid metabolism in
testicular cell suspensions. As previously
reported [12], protein synthesis (as meas-
ured by the incorporation of radioactivity
from L-[1-"*C]leucine into the Protein frac-
tion) as well as the released *CO; was in-
hibited in a dose-related fashion by di-Me
in rat testicular cells. However, neither ox-
ygen uptake nor the radioactivity in the
cellular acid soluble fraction was affected
(Table 1). Judged by their effects on the
incorporation of radioactivity into protein,
only EMDP of the other materials tested
was as active an inhibitor as di-Me. The
others, less active compounds, fell in the
rank order of activity: LAM > EDDP >
ANMOL > MOL = NMOL > He > Mo >
Co (Table 1). It is noteworthy that He, Mo
and Co had significant effects only at con-
centrations much higher than those used
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TABLE 1
Effect of narcotic analgesics on L-[1-*C]leucine metabolism and incorporation in rat testicular cell
suspension
Testicular cells were incubated in 3 ml Krebs-Ringer phosphate buffer with 10 mM glucose, under O;, at 37°
for 60 min, with 0.33 uCi of L-[1-"“CJleucine (3.3 uCi/pmol) as labeled substrate. Values are expressed as
percentage (mean + S.E.) of dpm of control incubations. Control values in dpm/mg protein were: “CO, 2621
% 94; soluble fraction 2443 + 94; protein 858 + 58; and ul 0./mg protein 4.7 £+ 0.2; n = 20.

Additives Concentration % of control
0. “CO, Soluble Protein
Fraction
(mm) (dpm/mg protein)
dl-Me 0.01 90+5 85 +1° 913 69 £ 9°
0.05 90 £ 10 79 + 5* 92+2 46 + 11°*
0.10 100 + 10 70 £ 3* 112+ 4 30+ 3*
EMDP 0.01 95 + 2 91+1 89+ 2 74 £ 2¢
0.05 89+8 89+3 913 53 + 2*
0.1 72 £ 10* 713 1x1* 27+ 1°*
EDDP 0.05 N2t7 91+5 107 £ 2 83 +1*
0.1 9% +6 80 + 5° 109 £ 2 63+ 1°
LAM 0.01 106 £ 6 94 +2 103 £ 2 95+ 2
0.05 110+ 11 9% +1 113+ 2 81 +2*
0.1 106 £ 3 8 +1 107+ 3 55 + 4°
MOL 0.1 110+ 6 100+ 1 123 + 2* 82+1°*
NMOL 0.1 114+ 6 95+ 2 107+ 3 82+1°
ANMOL 0.1 82+9 911 120+ 1* 76 + 3°*
Mo 0.1 89+3 845 9%5+3 922
0.5 92+3 843 N+5 82+4
1.0 82+3 86 +3 98 + 4 71 = 4°
Co 0.1 97+2 102+ 1 108 + 2 104 £ 3
0.5 94 +3 97+ 6 136 + 2* 87+4
1.0 971 93 +4 157 + 5* 70 + 3°*
He 0.1 100 + 4 93+1 107+ 2 845
0.5 100 + 8 88 +2 133 + 4* 733
1.0 100 + 4 84+t4 157 + 4°* 61 £ 2°
*p <0.02.

with Me, LAM and their metabolites. Some
apparent differences from the effects of di-
Me were noted. Thus, EMDP at 0.1 mm
significantly reduced both oxygen uptake
and the amount of label in the soluble frac-
tion while Co, He, MOL and ANMOL
seemed to cause an increase in the label in
the supernatant obtained by homogeniza-
tion of the tissue pellet in TCA soluble
fraction, (Table 1).

As previously reported (13) di-Me also

caused a marked and dose-related decrease
in RNA synthesis, as measured by the in-
corporation of radioactivity from [2-'*C]ur-
idine (Table 2). This occurred along with
decreases in the amount of label in the
phosphorylated derivatives, UMP, UDP
and UTP. Similarly, the Me metabolites
EMDP and EDDP, LAM and its metabo-
lites MOL, ANMOL and NMOL, as well as
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TABLE 2
Effect of narcotic analgesics on [2-**CJuridine metabolism and incorporation in rat testicular cell
suspension
Incubation done as described in TABLE 1 except that 0.33 uCi of [2-'*Cluridine (20 uCi/umol) was used as
labeled substrate. Control values in dpm/mg protein were: Soluble fraction 878 + 48; RNA 143 + 8; n = 30.

Additives Concentration % of control
Soluble RNA 8] UR UMP UDP
Fraction UrP-
mM dpm/mg protein
dl-Me 0.01 88 + 2 74 + 3* 9% +5 94 +2 73 £ 2°* 67 + 6*
0.05 94 +4 66 + 7° 104 + 2 105 + 2 67 £ 2* 63 £ 8°*
0.10 88+ 4 39 + 4* 9+1 109 + 2 52+ 1°* 36 + 3*
EMDP 0.05 B5+1* 66 £ 1°* 82+1°* 87+1 53 + 2* 47+ 1°
0.10 62 £ 2* 46 + 2* 74 + 3* T4+1° 8+1* 31+ 1*
EDDP 0.05 851 63 + 2°* 911 90 + 2 66 + 1* 62 + 2*
0.10 84 +2 53+ 1° 91+2 94 +4 61 + 3* 53 + 2°*
LAM 0.01 79 £ 3* 67 + 3* 83+4 905 T4+ 7 56 + 5°
0.05 79 + 6* 48 + 2* 88+ 7 98 + 8 53+ 5° 39+ 2
MOL 0.05 90 2 68+ 1° 109 + 2 95+ 4 78 + 2* 65+ 1°
0.1 8712 56 + 3° 115+ 2 9712 65 + 4°* 46 + 3*
NMOL 0.1 86 + 2 75 + 3* 92+1 95+ 3 75 £ 6° 71+ 3*
ANMOL 0.1 84+2 59+ 1* 98 + 3 96 + 2 70 + 2* 54 £ 3*
Mo 0.1 100+ 1 94 +2 102 £ 2 100 £ 1 101 +1 9 +6
0.5 96 + 2 91+4 102 £ 2 9+1 97+3 87+6
1.0 96 + 2 76 + 8* 101+ 4 107+ 4 93+5 %7
Co 0.1 103 + 4 931 104 + 4 107+ 4 102+1 94t5
0.5 101+3 73 + 4° 102 £ 2 1141 88+7 79 + 6*
1.0 100 £ 2 65 + 4* 100+ 1 118 + 2* 74 £ 5* 76 + 2*
He 0.1 93+9 839 95+ 5 916 8419 81+14
0.5 102+5 69 + 3* 1035 111+ 2 93+5 8818
1.0 1025 66 + 4° 97+ 4 127 £ 2* 86+ 4 2+7
*p <0.02.

He, Co and Mo, significantly reduced the
incorporation of [“Cluridine into RNA
(Table 2), with a rank order of effectiveness
very similar to that observed for protein
synthesis. The relatively small effect of He,
Co and Mo is again noteworthy. EMDP
was again somewhat unique in that it ap-
peared to reduce the amount of label in
uridine and uracil as well as in the phos-
phorylated derivatives. EMDP and LAM
both reduced the label in the total soluble
fraction. :

A few experiments on the incorporation

of label from [“CHs]thymidine into DNA
are summarized in Table 3. Even at a con-
centration of 0.05 mM di-Me had a signifi-
cant effect. The interference of He with
DNA synthesis under these conditions was
significant only at 1.0 mm and Mo had only
a slight effect even at this concentration
(Table 3).

In order to gain some insight as to
whether these effects on protein and nucleic
acid synthesis might be secondary to inhi-
bition of energy metabolism, some compa-
rable studies were done in the absence of
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TABLE 3

Effect of dl-methadone, morphine and heroin on

[*CHjjthymidine incorporation in rat testicular cell
suspension

Incubation done as described in TABLE 1 except
that 1 uCi of [“CH;]thymidine (59 uCi/umol) was the
labeled substrate. Control values in dpm/mg protein
were: soluble fraction 2240 + 78, DNA 46 + 3; n = 9.

Additives Concentration % of control
Soluble DNA
Fraction
mM dpm/mg protein
dl-Me 0.05 96+ 1 72 £ 6*
0.1 911 62 + 8*
Mo 1.0 101 £+ 4 86+ 8
He 1.0 102+ 5 66 + 4*
*p <002

exogenous glucose (Table 4). The respira-
tion and the incorporation of radioactivity
from L-[1-*C]leucine into the soluble and
protein fractions in the control incubations
were all much less (50%, 76% and 39%,
respectively) than found in the presence of
exogenous glucose. The inhibitory effects of
Me, LAM, Mo, Co and He on the metabo-
lism and incorporation of [*“C]leucine by
the testicular cell suspensions (Table 4A)
were, however, closely comparable to the
effects found in the presence of added glu-
cose (Table 1), although in this case LAM
seemed slightly more effective than di-Me.

With [2-Cluridine as substrate in con-
trol incubations in the absence of glucose,
the incorporation of label into RNA was
only one-third of that seen in the presence
of glucose, although the amount of radio-
activity in the acid soluble fraction of tes-
ticular cells was comparable under the two
conditions. The degree of inhibition by nar-
cotics of RNA synthesis, as measured by
incorporated radioactivity, was also com-
parable to that in the presence of exogenous
glucose (Tables 4B and 2).

Neither di-Me (up to 0.1 mMm) nor Mo
(up to 1.0 mm) had any significant effect on
cellular ATP levels in testicular cell suspen-
sions incubated in Krebs-Ringer phosphate
buffer in the presence of glucose.

Stimulated and basal T production in
rat testis in vitro. The effects of various
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narcotics upon in vitro T production in
hCG and dibutyryl-cAMP stimulated rat
testis are shown in Table 5. Exposure of
stimulated testis to dl-Me or He caused
dose-related decreases in testosterone pro-
duction with dl-Me being much more po-
tent than He. Mo seemed to be even less
active than He. LAM and the separate iso-
mers of Me at a concentration of 1 mm
produce depletions in the amount of testos-
terone accumulated in the medium, which
are similar to those produced by an equiv-
alent dose of dI-Me. The opiate antagonist,
naloxone, at 0.1 mm had no significant ef-
fect by itself and did not antagonize the
inhibitory actions of di-Me, Mo and He
(Table 5).

When the effects of di-Me and LAM on
nonstimulated (without exogenous hCG or
dibutyryl-cAMP) T production by the
whole rat testis in vitro was examined, nei-
ther drug had a significant effect on basal
androgen production even at 2.0 mm con-
centration.

Testosterone production in rat testicular
Leydig cells in vitro. The exposure of di-
butyryl-cAMP stimulated Leydig cell sus-
pensions to di-Me resulted in a concentra-
tion-dependent reduction of T present in
the incubation medium (Fig. 1). The pres-
ence of 5 uM dIl-Me (1.55 pug dl-Me/ml)
caused a significant 40% inhibition of T
production and the maximum 80% inhibi-
tion occurred at 50 uM concentration. The
IDs, was about 9 uM, corresponding to
about 2.8 ug di-Me/ml (Fig. 1).

DISCUSSION

The present results demonstrate the di-
rect interference of various narcotic anal-
gesics, e.g., Me, LAM and some of their
metabolites, with protein and nucleic acid
synthesis in rat testicular cells. These drugs
also markedly impaired the steroidogenic
response induced by hCG and dibutyryl-
cAMP in both whole rat testis and prepa-
rations of Leydig cells in vitro. Testicular
cell suspensions presumably contain cells
at various stages of spermatogenesis as well
as interstitial cells. Protein synthesis has
been shown to occur in all types of testicu-
lar cells except in mature spermatozoa,
while DNA and RNA biosynthesis occur in
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TABLE 4 ‘
Effect of narcotic analgesics on L-[1-"C]leucine (A) and [2-"*C] uridine (B) metabolism and incorporation |
in rat testicular cell suspension
Incubation of rat testicular cells done as described in TABLE 1, except that no glucose was added to the
incubation medium. The labeled substrate was 0.33 uCi of L-[1-"“C]leucine (A) or 0.33 uCi of [2-'*Cluridine (B).
Control values in dpm/mg protein were: (A) *CO; 1320 + 63; soluble fraction 1868 + 80; protein 333 + 29. (B)

Soluble fraction 823 + 40; RNA 66 + 3; and ul Oz/mg protein 2.9 + 0.07; n = 21

Addition Concentration % of control
“CO, Soluble Fraction Protein
mM dpm/mg protein
(A) L-[1-"C]leucine:
d- & I-Me 0.1 80+1° 126 + 1* 42 + 2°
d-Me 0.1 88+4 123+ 1* 46 = 1*
I-Me 0.1 73 +2* 115+ 1* 40+ 1*
LAM 0.1 79 + 2* 103 £ 2 34 2
Mo 1.0 100 + 4 105 + 4 78 + 4°
Co 1.0 100 + 4 158 + 5* 73 £ 5*
He 1.0 106 + 2 162 + 3* 79 £ 2*
RNA
(B) [2-“Cluridine:

d- & I-Me 0.1 95 + 2 42 + 2*
I-Me 0.1 91 44+ 2°
d-Me 0.1 95+ 2 49 + 2*
LAM 0.1 891 59 + 5°*
Mo 1.0 85 61 + 2*
Co 1.0 9% + 3 66 + 2*
He 1.0 1076 37

*p <0.02.

the spermatogonia and elongated sperma-
tids, respectively (18).

In the present experiments, significant
inhibition of testicular macromolecular bio-
synthetic processes was brought about by
a dose of di-Me which is of the same order
of magnitude as the Me concentrations
found in saliva and gastric juice of former
heroin addicts, following a single dose of
Me (19). Concentrations of Me and its me-
tabolites found at postmortem examination
in human blood (some of which may have
died of drug overdose) were of the same
order of magnitude and even higher levels
have been reported in bile, urine and some
tissues (20).

Me may accumulate in various tissues
including sexual organs (21). After one i.m.
administration of d-Me to rabbits (about 10
mg/kg) the semen/blood concentration ra-
tio was about 7. The concentrations of d-

Me in the testis, prostate and seminal ves-
icles at 130 min after the drug administra-
tion were 4.3, 4.6 and 3.5 ug/g tissue, re-
spectively, and were about 10 times higher
than concentrations in blood (0.42 pug/ml)
(21). In Me (20-80 mg) maintenance sub-
jects the ratio of semen/blood Me concen-
trations ranged from 0.8-4.7 [22]. As far as
we know, there are no data available on the
possible accumulation of He or Mo in the
sexual organs of humans. It may therefore
be possible that drug concentrations high
enough to have a direct effect on testicular
cell biosynthetic processes are attained in
vivo, particularly after repeated doses.
The present results also demonstrate the
importance of the possible toxic effects of
narcotic metabolites. In particular, the
pharmacologically inactive metabolites of
Me, EMDP and EDDP (23), were strong
inhibitors of protein and nucleic acid syn-



TABLE §

Effect of narcotic analgesics upon testosterone
production by rat testis in vitro in the presence of

hCG or dibutyryl-cAMP
Additives Concen- % of control
tration testosterone®
hCG- dibutyryl-
stimulated cAMP-
stimulated
mM
dl-Me 05 80+1* —_
1.0 57 £+ 6* 62 + 5°
5.0 145+ 1° -
-Me 1.0 - 56 + 5°*
d-Me 1.0 — 69.5 £+ 5*
LAM 1.0 - 52 + 8*
He 1.0 926+5 -
25 —_ 75 + 8°
5.0 51 + 6* —_
Mo 25 - 82+11
5.0 61 + 4* —_
Naloxone 0.1 88+7 108 + 7
He + Nalox-
one 50+0.1 46 + 3* —_
Mo + Nal- 50+0.1 61 £+ 5°* —_
oxone 25+0.1 - 106 + 12
dl-Me + Nal-
oxone 1.0+£0.1 —_ 66 + 7*

¢ Control values of testosterone (in ng/g wet weight
of testis) were 248 + 11 (n = 7) (mean £ S.E.) in
presence of hCG, and 312 + 21 (n = 8) in presence of
| dibutyryl-cAMP. A total of 90 testes were used in
these experiments. n = 3 or 4 for each experimental
condition.

* p < 0.01 as compared with controls.

thesis (Tables 1 and 2) and T synthesis
(unpublished data). The pharmacologically
active major metabolites of LAM, MOL,
NMOL and ANMOL (24, 25) were much
less inhibitory under these conditions but
still had significant effects. It seems there-
 fore quite possible that these as well as
other metabolites of Me or LAM might play
important roles in some of the longer term,
relatively subtle effects of narcotic usage in
man [1-6], especially during pregnancy and
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on the developing fetus (26-28). This prob-
ability is strengthened when one realizes
that Me, LAM and/or their metabolites
have a slow clearance from the body (19,
24), easily cross the placenta, enter fetal
circulation and accumulate in the fetal
brain in a concentration several fold greater
than in maternal brain (26).

The exact mechanism(s) by which nar-
cotic analgesics affect cellular metabolism
is not yet known. The results with [1-*C]
leucine (Tables 1 and 4A) suggest that lack
of intracellular labeled substrate is not re-
sponsible for the inhibition of protein syn-
thesis. With He and Co (Tables 1 and 4A)
there is even a highly significant increase of
label in the soluble fraction. Similarly, with
[*Cluridine as labeled substrate, the radio-
activity in the soluble fraction was not af-
fected, except with EMDP and LAM (Ta-
bles 2 and 4B). The oxygen consumption
also was not affected by the narcotics (Ta-
ble 1). These results, however, demonstrate
an interference of the drugs with labeled
RNA synthesis which correlates with de-
creased synthesis of labeled nucleotides and
with the effects on protein synthesis. Thus,
the impaired protein synthesis may be sec-
ondary, at least in part, to the decreased
RNA synthesis which seems to involve in-
hibition of some phosphorylations. ATP
levels under these experimental conditions
were practically unaffected.

The great sensitivity of isolated whole
rat testis (5, 16, 29), as well as Leydig cells
(10-12), in their steroidogenic response to
various stimulants (e.g., LH, hCG, dibu-
tyryl-cAMP) is well documented. Cell sus-
pensions have certain advantages in com-
parison with intact tissue incubations, e.g.,
there is a constant free access of the chem-
ical to the cells. Access of the drug to the
cells in vivo, especially on chronic admin-
istration, may be considerably greater than
that achieved in brief in vitro experiments
with intact tissue. It is thus of interest that
responsiveness of Leydig cell preparations
to the effect of di-Me on T production (Fig.
1) is about 100 times higher than that
shown by the whole rat testis (Table 5).

The inhibitory effects of dl-Me on T pro-
duction in hCG stimulated, as opposed to
nonstimulated whole rat testis (Table 5),
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F1G6. 1. The effect of dl-Me on Leydig cells suspensions

Suspensions prepared by collagenase digestion of decapsulated adult rat testes and purification through Ficol
and dextran solution, were incubated for 3 h as described in METHODS. Control values of T (in ng/incubation)
were: nonstimulated 1.75 + 0.3; dibutyryl-cAMP stimulated 10.64 + 0.04; n = 3. * p < 0.01 as compared with

controls.

are similar to the experiments recently re-
ported on human chopped testicular tissue
(30) in which 0.5 mM dI-Me inhibited the
hCG stimulated T formation from [°H]cho-
lesterol but did not affect the nonstimu-
lated steroidogenesis (30). The precise
mechanism of these stimulations is un-
known. It has been shown, however, that T
synthesis is related to constant RNA and
protein synthesis in Leydig cells (10-12).
Known inhibitors of protein and nucleic
acid synthesis such as cycloheximide, pur-
omycin or chloramphenicol reduced the
stimulated T production in testicular prep-
arations but did not affect basal synthesis
of the androgen (10, 11). Similarly, Me or
LAM, which inhibit RNA and protein syn-
thesis in testicular cells (Tables 1, 2 and 4),
had significant effects only on stimulated T
production in the whole testis in vitro (Ta-
ble 5; Fig. 1). Although the mechanism of
stimulation of T production by dibutyryl-
cAMP may differ from the mechanism of
gonadotropin stimulation, the inhibition by
analgesics was similar in the two systems
(Table 5).

The previously reported (13) as well as
the present biochemical effects (Tables 1-
5) of these narcotic analgesics are different
from their analgesic effects in that they are
not stereospecific and are not antagonized
by naloxone. The order of potency in in-

hibiting testicular macromolecular biosyn-
thetic processes in vitro, was found to be:
LAM = di-Me = [-Me = d-Me = EMDP
> EDDP > MOL = ANMOL = NMOL >»
He > Co > Mo. A very similar order was
found for the inhibition of T production
(Table 5), suggesting that these two effects
may be related (11). This order of effective-
ness is clearly different from that for anal-
gesic action. In male participants on a
methadone maintenance program the func-
tion of secondary sex-organs, as well as T
levels, were found to be more suppressed
than in heroin users or controls (2). How-
ever, heroin and methadone together low-
ered T plasma levels more than either drug
alone [6]. These clinical findings and our
present results are complementary.

The relative importance of central versus
peripheral effects to narcotic-induced im-
pairment of testicular steroidogenesis in ad-
dicts and the exact mechanism of this in-
hibition is unknown. If the inhibition of
steroidogenesis in hCG stimulated testis by
analgesics were related to changes in cel-
lular cAMP production, one would expect
less inhibition in the presence of exogenous
dibutyryl-cAMP. This is not the case, how-
ever, suggesting that the inhibition of stim-
ulated steroidogenes occurs at a step later
than cellular cAMP formation. Further-
more, the effects of the narcotic analgesics
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were not antagonized by naloxone (Table
5). The very weak effects of even extremely
high concentrations of Mo and He on tes-
ticular biosynthetic processes (Tables 1-5)
suggest that their in vivo actions on plasma
T levels may be primarily central via the
hypothalamic-pituitary-gonadal axis (5,
29). These data are, however, consistent
with the interpretation (9, 13) that Me and
LAM may depress T production through
direct actions on the testis, which are me-
diated by their inhibiting effects on RNA
and protein synthesis. The possibility of
combined peripheral and central actions by
some of the narcotic analgesics and their
metabolites has also to be taken into con-
sideration. Further in vivo experiments
may provide more evidence for one or both
mechanisms of action of Me and its conge-
ners.

ACKNOWLEDGMENT

We thank L. Rowe at RIA Laboratory, St. Paul’s
Hospital, for technical assistance.

REFERENCES

1. Martin, W. R, D. R. Jasinski, C. A. Haertzen, P.
C. Kay, B. E. Jones, P. A. Mansky, and R. W.
Carpenter. Methadone—a reevaluation. Arch.
Gen. Psychiatry 28: 286-295, 1973.

2. Cicero, T.J., R. D. Bell, W. G. Wiest, J. H. Allison,
K. Polakoski, and E. Robins. Function of the
male sex organs in heroin and methadone users.
N. Engl. J. Med. 292: 882-887, 1975.

3. Ling, W., U. C. Charuvastra, S. C. Kaim, and C. J.
Klett. Methadyl acetate and methadone as
maintenance treatment for heroin addicts. Arch.
Gen. Psychiatry 33: 709-720, 1976.

4. Thomas, J. A, and J. T. Dombrosky. Effect of
methadone on the male reproductive system.
Arch. Internat. Pharmacodyn. Ther. 215: 215-
221, 1975.

5. Cicero, T. J., R. D. Bell, E. R. Meyer, and J.
Schweitzer. Narcotics and the hypothalamic-pi-
tuitary-gonadal axis: Acute effects on luteinizing
hormone, testosterone and androgen-dependent
system. J. Pharmacol. Exp. Ther. 201: 76-83,
1977.

6. Mendelson, J. H., J. E. Mendelson, and V. D.
Patch. Plasma testosterone levels in heroin ad-
diction and during methadone maintenance. oJ.
Pharmacol. Exp. Ther. 192: 211-217, 1975.

7. Mendelson, J. E., C. E. Inturrisi, P. Renault, and
E. C. Senay. Effects of acetylmethadol on
plasma testosterone. Clin. Pharmacol. Ther.
19: 371-374, 1976.

979

8. Cicero, T. J., T. M. Badger, C. E. Wilcox, R. D.
Bell, and E. R. Meyer. Morphine decreases lu-
teinizing hormone by an action on the hypotha-
lamic-pituitary axis. J. Pharmacol. Exp. Ther.
203: 548-555, 1977.

9. Jakubovic, A., and E. G. McGeer. Narcotics and
rat testes metabolism and testosterone release
in vitro. Abstracts, 9th Annual Meeting Ameri-
can Society for Neurochemistry, Washington,
D.C. p. 189, 1978.

10. Mendelson, C., M. Dufau, and K. Catt. Depend-
ence of gonadotropin-induced steroidogenesis
upon RNA and protein synthesis in the intersti-
tial cells of the rat testis. Biochem. Biophys.
Acta. 411: 222-230, 1975.

11. Cooke, B. A, F. H. A. Janszen, W. F. Clotcher,
and H. J. Van der Molen. Effect of protein-
synthesis inhibitors on testosterone production
in rat testis interstitial tissue and Leydig-cell
preparations. Biochem. J. 150: 413-418, 1975.

12. Janszen, F. H. A., B. A. Cooke, and H. J. Van der
Molen. Specific protein synthesis in isolated rat
testis Leydig cells: influence of luteinizing hor-
mone and cycloheximide. Biochem. J. 162: 341-
346, 1977.

13. Jakubovic, A., E. G. McGeer, and P. L. McGeer.
Comparative inhibition of biosynthetic proc-
esses in rat testicular cells by d-, 1- and dl-
methadone. Biochem. Pharmacol. 27: 123-125,
1978.

14. Jakubovic, A., and P. L. McGeer. Biochemical
changes in rat testicular cells in vitro produced
by cannabinoids and alcohol: metabolism and
incorporation of labeled glucose, amino acids,
and nucleic acid precursors. Toxicol. Appl.
Pharmacol. 41: 473-486, 1977.

16. Lowry, O. H,, N. J. Rosebrough, A. L. Farr, and R.
L. Randall. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193: 266-275,
1951.

16. Dufau, M. L., K. J. Catt, and T. Tsuruhara. A
sensitive gonadotropin responsive system: ra-
dioimmunoassay of testesterone production by
the rat testis in vitro. Endocrinology 90: 1032~
1040, 1972.

17. Janszen, F. H. A, B. A. Cooke, M. J. A. Van Driel,
and H. J. Van der Molen. Purification and char-
acterization of Leydig cells from rat testes. J.
Endocrinol. 70: 345-359, 1976.

18. Lee, I. P., and R. L. Dixon. Antineoplastic drug
effects on spermatogenesis studied by velocity
sedimentation cell separation. Toxicol. Appl.
Pharmacol. 23: 20-41, 1972.

19. Lynn, R. K, G. D. Olsen, R. M. Leger, W. P.
Gordon, R. G. Smith, and N. Gerber. The secre-
tion of methadone and its major metabolite in
the gastric juice of humans. Drug Metab. Dis-
pos. 4: 504-509, 1975.



980

20. Robinson, A. E., and F. M. Williams. The distri-
bution of methadone in man. J. Pharm. Phar-
macol. 38: 353-358, 1971.

21. Swanson, B. N., W. P. Gordon, R. K. Lynn, and N.
Gerber. Seminal excretion, vaginal absorption,
distribution and whole blood kinetics of d-meth-
adone in the rabbit. J. Pharmacol. Exp. Ther.
206: 507-514, 1978.

22. Gerber, N, and R. K. Lynn. Excretion of metha-
done in semen from methadone addicts; com-
parison with blood levels. Life Sci. 19: 782-792,
1976.

23. Liu, S. J., D. B. Evans, and R. 1. H. Wang. Corre-
lation of urinary excretion of methadone metab-
olites with methadone metabolism and analgesia
in the rat. J. Pharmacol. Exp. Ther. 204: 67-
76, 1978.

24. Henderson, G. L., B. K. Wilson, and D. H. M. Lau.
Plasma 1-a-acetylmethadol (LAAM) after acute
and chronic administration. Clin. Pharmacol.
Ther. 21: 16-25, 1977.

25. Roerig, D. L., A. T. Hasegawa, and R. 1. H. Wang.
Effect of alteration of metabolism on the anal-
genic activity, toxicity, distribution and excre-
tion of 1-a-acetylmethadol in the rat. J. Phar-

JAKUBOVIC AND MCGEER

macol. Exp. Ther. 208: 377-387, 1977.

26. Peters, M. A. The effect of maternally adminis-
tered methadone on brain development in the
offspring. J. Pharmacol. Exp. Ther. 208: 340-
346, 1977.

27. Hutchings, D. E,, H. F. Hunt, J. P. Towey, T. S.
Rosen, and H. S. Gorison. Methadone during
pregnancy in the rat: dose level effects on ma-
ternal and perinatal mortality and growth in the
offspring. J. Pharmacol. Exp. Ther. 197: 171-
179, 1976.

28. Zelson, C., S. J. Lee, and M. Casalino. Neonatal
narcotic addiction: comparative effects of ma-
ternal intake of heroin and methadone. N. Engl.
J. Med. 289: 1216-1220, 1973.

29. Cicero, T. J. An in vivo assay for the analysis of |
the biological potency and structure-activity re- |
lationships of narcotics: serum testosterone de-
pletion in the male rat. J. Pharmacol. Exp.
Ther. 202: 670-675, 1977.

30. Purohit, V., H. H. Singh, and B. S. Ahluwalia. |
Failure of methadone-treated human testes to

respond to the stimulation effect of human cho- |

rionic gonadotropin on testosterone biosyn-
thesis in vitro. J. Endocrinol. 78: 299-300, 1978.

|





